High resolution growth recording techniques and reverse isotope dilution analysis were used to study the relationship between indole-3-acetic acid (IAA) concentration and curvature of excised bean (Phawsolus vulgaris L. cv Bush Burpee Stringless) first internode sections unilaterally treated with hormone. The maximum rate of curvature occurred rapidly (within 25 minutes) and was proportional to the log of the amount of applied IAA recovered in the tissue. at a photoperiod of 8 h and irradiance of 4 to 8 w m-2 (400-700 nm) and with a dark period of 16 h. The seedlings were harvested 6 to 8 d after germination when they were approximately 12 cm in length, their first internode was 4.5 to 7.0 cm long, and the length of second internode did not exceed 5 mm. First internode sections (4 cm), cut just below the second node, were used (19).
In the study of plant hormones, especially auxins, many attempts have been made to examine the quantitative relationships between growth rate and hormone concentration. Typically, the methods employed were to incubate tissue segments in hormone solutions of different concentrations and relate the resultant growth obtained to the external hormonal solution concentration (2) . Several assumptions and limitations are inherent in this approach. It is assumed that the hormone will penetrate rapidly into the tissue until the internal hormone levels rise to that existing in the incubation media. However, this possibility is rarely examined directly. Inasmuch as the bulk of IAA uptake is probably through the damaged ends oftissue segments, high rates of degradation may occur (24) . Also, measurements are usually made after several hours and the rate of growth changes continuously during the time of the experiment (18) . Finally, because of the prolonged incubation period, levels of IAA in the tissue will also change. In order to more fully understand the relationship between IAA concentration and growth, it is necessary to examine these factors more closely.
Using high resolution growth recording techniques for growth measurements and reverse isotope dilution analysis of radiolabeled IAA, we show in this report that (a) the (19) .
Bioassay. First internode sections (two/vial) were inserted, apical portion up, into 20-ml glass scintillation vials containing a piece of sponge for support and 20 ml of 1 mm sodium phosphate buffer (pH 6.4) exactly as previously described (19) . Experimental solutions (usually 10 ,l) were applied to 5-mm diameter paper discs backed with polyethylene film (Benchkote, Whatman Ltd), which were placed between the basal part of stem section and the sponge. Immediately after application of the disc, the angular position ofthe section was recorded and the experimental vials placed in a moist chamber. Bending growth response of the stem sections was determined after 1.5 and 3 h by measuring the horizontal displacement oftheir apical portions (19 Research Organics Inc.), IAA-L-glutamate, and IAA-L-Asp (both synthetized as described previously [4] ) were each tested at 1 nmol/stem section. Both labeled (see below) and nonlabeled IAA conjugates were tested by TLC (8) for free IAA levels. Chemicals utilized in these experiments had no detectable contamination, indicating they contained less than 0.1% free IAA. Commercial reagents, however, varied greatly in this regard and approximately 10% free IAA was present in one lot of commercial LAA-DL-aspartic acid which was tested. Preparations of labeled conjugates contained a few percent (<5%) of a radioactive impurity (4) which ran at the solvent front on chromatograms. A negative reaction to the Ehmann reagent (8) All labeled compounds were applied by paper discs backed with polyethylene film, exactly as in the internode growth experiments described above. Twenty bean internode sections were used for each experiment and all experiments were done at least twice with two replications each. Standard errors are indicated in tables. Treated discs were removed from sections at the time of their maximum growth rate as determined by high resolution growth analysis.
Extraction, Purification, and Determination of IAA. After removal of paper discs, the internode sections were washed in ice cold water for 30 min in order to assure removal of IAA from the tissue surface. The tissue was homogenized in a Waring Blendor in 100 ml 70% acetone containing 1 mg of IAA, left overnight, and then filtered through Eaton-Dikeman 515 paper to remove insoluble residues. The filtrate was then reduced to an aqueous phase of 20 ml in vacuo. This was acidified with 1 M H3PO4 to pH 2.5 and partitioned three times against an equal volume of chloroform. Pooled chloroform phases were dried over anhydrous sodium sulfate, reduced in vacuo to dryness, then dissolved in 1 ml of 50% 2-propanol/water (v/v) and placed on a 1.5-x 12-cm DEAE-Sephadex-acetate A-25 (Sigma) column, equilibrated with 50% 2-propanol/water (v/v). The column was washed with 50% 2-propanol/water (v/v) until the eluent was color-free, then the sample was eluted with a linear gradient of 0 to 5% acetic acid in 50% 2-propanol/water (v/v). Collected fractions were tested for IAA by silica gel 60 TLC of a 5-ssl aliquot, developed in chloroform:methanol:water (85:14:1), and then using Ehmann's reagent (8) (3) . UV spectra were recorded with a Beckman model 25 spectrophotometer using 1 cm quartz 1 ml microcuvettes (Hellma). A 500-.ul aliquot of the pooled fractions from HPLC was used for radioactivity determination. The samples were counted in ACS scintillation fluid (Amersham) on a Beckman 9000 liquid scintillation counter using the external standard method of obtaining dpm. We found that additional purification of the sample by silica gel TLC, followed by methylation and a second HPLC step resulted in no detectable change in specific activity of the recovered IAA.
Calculations. Knowing how much total IAA was recovered and the radioactivity of the sample, it was possible to make corrections for the amount of radioactive IAA lost during purification, using the reverse isotope dilution method (13 after treatment, for all levels of IAA application studied (Fig. 1) . We observed also two other possibly significant peaks in the growth rate, occurring at 25-to 30-min intervals, but they were much lower in intensity than the first. The maximum growth rate was dependent on the amount of IAA applied (Fig. 2) , showing a linear relation between the log of IAA dose and the growth response. Control sections without IAA showed no bending response.
Using the reverse isotope dilution method (13), we were able to show directly that the growth response of IAA-treated bean internode sections was closely related to the amount of this hormone found in the tissue. As shown in Table I It has been shown that IAA-amino acid conjugates can vary in biological activity based on the identity of the constituent amino acid. The activity ofthese compounds also differed greatly in different plant systems studied (1, 11, 15, 21) . For example, IAA-Asp showed high activity in the coleoptile straight growth Avena bioassay, but its activity in the pea hypocotyl bioassay was very low (1, 1 1) . IAA-L-Ala seems to be one of the most active conjugates in the different plant systems which have been studied (1 1, 15, 16 ). In a preliminary experiment, we checked the activity of several IAA-amino acid conjugates in the bean first internode bioassay (Table III) . Of the four IAA conjugates tested, IAA-LAla was most active, although its activity was lower than that of IAA. The difference was more pronounced after 3 h oftreatment. IAA-L-Asp and IAA-glycine did not show any significant activity in this bioassay, although a small bending response could be detected using the growth recorder with IAA-L-Asp (Fig. 3) .
To study the relationship between the growth response and the level of IAA in the tissue resulting from hydrolysis of IAA conjugates, IAA-L-Ala and IAA-L-Asp were chosen. The growth rate of bean internode sections treated with these two com- (Table IV) . B, Calculated from growth rate curves (Fig. 4) pounds, monitored continuously using a high resolution growth recorder, was much lower than for sections treated with IAA (Fig. 3) . Also, the maximum growth rate occurred 1 (Fig. 3) , in comparison to the log/linear relationship between amount of IAA in tissue and maximum curvature rate, was very close to the amount of IAA released for both IAA conjugates studied-41.8% for IAA-L-Ala and 7.4% for IAA-LAsp (Table VB) . DISCUSSION The relationship between IAA levels and growth presented in this paper differs from most prior studies in that a rapid response was measured and the amount of hormone applied was related to the maximum bending rate rather than total growth. In addition, the amount of hormone in the tissue resulting from the unilateral application through noninjured cells was determined. These results suggest that the timing of the maximum growth rate resulting from IAA application and its duration are not concentration dependent over the range examined. In addition, the decrease in growth rate after 20 to 25 min is not due to decreased levels of IAA in the tissue or to changes in the internal distribution of IAA (Table II) . Thus, the response is properly described as a transient increase in growth rate, only the magnitude of which shows a log/linear relationship to the amount of IAA applied.
A differential growth response resulting from unilateral auxin application was measured in this study; thus, our experimental system differs somewhat from the straight growth response investigated by other workers (10 (17) . It is interesting that, despite the rather complex kinetics of the growth responses (Fig. 1) , the total curvature obtained after only a few hours nevertheless obeys a log/linear relationship with hormone applied (19; see also 25) .
Several prior studies have provided indirect evidence that the biological activity of IAA conjugates was related to the degree of hydrolysis to yield the free acid (6) . Hangarter and Good (16) showed that release of '4CO2 from [14C]IAA-amino acid conjugates labeled in the carboxyl carbon of IAA was related to the biological activity. These results were obtained, however, for long term effects such as ethylene release (9 h incubation) and callus growth. Also, no attempt was made to show that IAA resulted from metabolism of the conjugate. Indeed, after prolonged incubation with ['4C]IAA conjugates, no radioactivity was found on the thin layer chromatogram autoradiographs corresponding to the RF of the free acid. Nowacki et al. (20) (14) and more recently Haissig (12) have shown that plant tissue homogenates can hydrolyze ester conjugates of IAA, we are not aware of similar data with regard to IAA-amino acid conjugates. Davidonis et al. (7) showed that the conversion of 2,4-D amino acid conjugates to free 2,4-D occurs in soybean root callus; however, the relationship between this conversion and biological activity was not determined. Thus, to our knowledge, this is the first demonstration that amide-linked IAA conjugates applied to plant tissue are hydrolyzed to yield free IAA and that the amount of IAA found is closely related to the biological activity observed. This is true for both a relatively active conjugate such as IAA-LAla and also for IAA-L-Asp, which when applied to bean stem sections shows very little activity. So far, the only naturally occurring amide conjugate of IAA which has been identified is IAA-L-Asp, found in seeds of soybean (5) , and preliminary evidence of its occurrence in bean was provided by Tillberg (22) .
Thus, we have shown that the amount of IAA in the tissue is related to the maximum rate of curvature by a log/linear relationship, that tissue levels of IAA are proportional to the amount applied, and that the biological activities of IAA-conjugates are directly related to the ability of the plant tissue to use them as a source of free IAA.
